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\\ A. OBJECTIVES

"The obJectives clited In the research proposal: for the ONR

contiract N00014-80-C-0029&lncluded:'
\‘1. Optimization of bacterial magnetite production using
pure cultures of Aquasplrilium magnetotacticum.
2, Development and evaluation of a laser technique for
directly measuring cell magnetic moments from magnetic
fleld-dependent culture blirefringence.
3. Contlnued studies directed at elucidating the biochemical
pathway of bacterial magnetite formation.
4, Analysls of the structure and function of the magnetosome
sheath (e.g. the envelope surrounding each magnetite grain).
5. Inltlation of studies of metal solubilization and uptake
by magnetotactic bacteria. /& _
Sufficlent funds were awarded to cover the cost of part of
these objectives although the perliod of the contract was
shortened from the three years requested, to two. The tatter two
objJectives were eliminated from the revised work plan. One (# 4)
has been adopted as a research goal of BlioMagnetech Corporation,
as part of a proposal presently under review by the Defense

Advanced Research Projects Agency.
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Several reports have been submitted describing progress of 2;1:

ONR sponsored research carried out under this contract. These ?31

include Technica! Report No. 1 submitted July 1980 (see Appendix 1), ff;

and a Progress Report Abstract of Oct. 28, 1981 (see Appendix I1). ;Eﬁé

This report details the resuits of research activitles not Ef@

covered Iin either of these precedling reports, and serves as the &Tj

Final Technical Report for the contract and Its Fleld Modifications. E&%E
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B. COMPLETED RESEARCH ACTIVITIES
1. Optimizatiop of bacterial magnetite yield: Results of

early studies Indicated that cells of each type of magnetotactic

bacterium found In natural populations produced a more-or-less
constant quantity of magnetite. Remagnetization curves (plots of
% cells remagnetized as a function of the remagnetizing fleld
strength) obtained by exposing cell populations to brilef.
monophaslic magnetic pulses, were sharp and showed a narrow
distribution about the mean. Cel! populatlions of a glven type
appeared homogeneous with respect to thelr magnetic moment
distribution (12), and when examlned by electron microscopy.
cells appeared to have a rather conslistent number of
magnetosomes (12). Why should this be so? The most obvious
explanations are that cells somehow regulate their production of
magnetite In response to environmental parameters, or that the
number of magnetosomes per cell Is genetically controlled.

We addressed this question usling pure cﬁlfures of the
magnetic spirilium A, magnetotacticum ( 1 ) with the overal| goal
of optimizing magnetite yleld by cells In controlled culture
sltuations. We learned, not surprisingly, that cel! magnetite
ylfeld was influenced by culture Iron supply. With no added iron
in the culture medium. cells each produced zero to several
magnetosomes (Fig 1A) and the magnetosome content Increased in
direct proportion to the Iron supply as shown in Fig. 2. By
Increasing the iron supply to 20 uM, cultures were obtalned with
an average of 8 magnetosomes per cell (Fig. 2), while at 40 uM
lron they produced an average of 40 magnetosomes per cell (Fig

18)., Thus, the absolute number of magnetosomes produced per cell
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did not appear to be genetically controlled. Even wlithout

genetlic manipulation, cells may eventually be produced wlith
extremely high numbers of magnetosomes If Iron precipltation In
the medlum at+ high concentration can be avolded using chelators
that keep I+ solubllized but do not also |Imit Its avallablility
to the bacterla.

it soon became apparent, that 02 Iinfluences cell magnetlite
production (4;12;17). Thus, at high 0, cells eventually grew but dId
not produce magnetosomes and were not magnetotactic. At a
constant, non-limliting Iron supply, cells In one study produced
an average of 18 magnetosomes (Balkwill. Maratea and Blakemore -
referenced In 4) whereas In another carrlfed out at the same iron
concentration but at lower Po, (unpublished data shown in Fig.
2), they produced an average of only 8 magnetosomes per cell.

We have recently begun an extenslve and comprehensive study
of the effect of 0, on cell magnetite formation and yleld. The
results to date (12.17) have not only confirmed the repressive
effect of high Po,, but have also revealed that cells will not
produce magnetite when the Initial Poz Is below about 1 kPa (1%
of saturation). These unexpected results are probably going to
be of rather broad Interest. Geologlsfs have lamented the lack
of fosslls which are Indicative of free atmospheric 0,. Thus,
the study of the fine structure of the evolution of earth's early
atmosphere during the Archaen-Early Proterozolc era would be
advanced If such fossll| evidence existed. Kirschvink and Chang -53
(cited In 12) reported bacterial magnetosomes as microfossilis

preserved in sediments. If this Is true then bacterlally derived

sediment/rock magnetite could become useful fossli!| and '&:&
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paleomagnetic evidence for deposits formed only after free 0,

became avallable on earth - possibly when the earth's atmosphere

was, by today's standards,

microaerobic., This Is also

Interesting In the light of our growing conviction that all

magnetotactic bacterla are fastideous microaerophiles.

A second finding from this study of 0, effects pertained

to culture nitrogen supply.

Cells produced magnetite optimally

when they were.denitrifyling (e.g. using NO3~ as a termlinal

electron acceptor) In contrast to respliring with 0, as the

terminal acceptor (12;17).

ylelds were related to the princlpal

Thls suggested that culture magnetite

cells and to thelr mode of electron transport.

electron acceptor used by

Qur Investigations of the manner In which cells reduce

nitrate started out as perlipheral to the goals of ONR sponsored

research but took on a more central role as It became apparent

that cell nitrogen supply affected cell
work (D.A.Bazylinskl, 1983, Ph.D, thesls U.N.H,; 6;13;14) reveated

magnetosome yleld. This

that cells denitrify with the production of nitrous oxide (N,0)

and dinitrogen (Ny),

Nitrite. which was toxlc for cells,

did not

accumulate; presumably because the nitrate reductase activity was

lower than the rate of nitrite and nitrous oxide reduction. Of

particular Interest,

we found that cells of the microaerophile A,

magnetotacticum denitrify In the presence of low amounts of

oxygen. Thls organism was one of only three which have been

shown to do so - all

within the past year. Our studies.

however.

are the first which document that a single organism with an

obllgate requirement for 0, can covcomitant(y denitrify and

respire aerobically,

Thus,

the regulation of this
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microaerophlie's nitrogen reducing enzymes by 0, appears to

differ from that of other denltrlfyers, and the findings also

emphasize that this organlsm Is an oblligate microaerophiie and

\
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. will not grow anaeroblcally even with nitrate In Its medium.

L
o

" We looked for. and found, Iron reductase activity in 7

magnetic bacterlia (16). As yet we have not determined the role

of Iron reduction by these cells although we are Interested in

determining whether nitrate reductase of the magnetc spirillum

B will functlion in the reduction of Iron -~ perhaps in a process

| related to magnetite formation. Thls might explaln why
denltrifylng cells are especlally adept at producing magnetite.
for Instance. Although preliminary results (16) have suggested -
that the nitrate and iron reductase activities were separate In ;ﬁi
the magnetic spirillium, we are continuing research In this area ;f}
at the present time. Evidence for iron reduction was also ‘
obtained from analysis of cells by Mossbauer spectroscopy ;}'
(5;8;9).

Results of a related study addressing cell nltrogen
metabolism indicated that cells of A. magnetotacticum were
nitrogen fixers (7). Moreover. thelr nitrogen fixation rates
vere found to be greater than those of Azosplrillum llpoferum,
the organism now receiving considerable attention In biotech~-
nologlcal circles as possibly belng useful in agriculture. (ﬁ¥

Our explorations of cell Iron and nitrogen metabol Ism have
opened up new areas of research, some of which we hope to pursue
I1f a research contract proposal entitled "lron Associated OQuter

Membrane Proteins of Magnetic Bacterla" now before ONR, proves SN

of value to Naval objectives. iih’




2. Development of an optical method for directiy measuring cell
magnetic moments: Working collaboratively with Dr. Richard

Franke! and Dr. Charles Rosenblatt of the Francis Bitter Natlonal

TeT A wmmm v st

Magnet Laboratory of M.I.T., we have developed, tested and used a
new method of determining cell magnetism. This technique Is
based upon directly measuring the magnetic fleld~dependence of
the optical blrefringence of magnetic cells suspended In thelr
culture medium. Thls proved to be a successful technlique and It
was applied In the study of the ef fect of oxygen upon cel |l
magnet!sm referred to above, Although some effort to duplicate

the necessary laser Instrumentation using donated outdated or

K __7 AR

borrowed eqlpment was undertaken here at UNH, this was later
abandoned In favor of preserving cells In fixative and shippling
them to M.I.T. for analysis. Recently we have been using
electron microscopy to evaluate cell magnetosome yleld in
conjunction with these measurements. The optical birefringence
methods do not glive information concerning the proportion of

cells In the population which are notat all magnetic; they only

é provide Information concerning the relative magnetism of the Ez i
E; magnetic cell fractlon. In lieu of fabricating a second setup, 5 3
% we have recently declded that to obtain Information concerning s
; culture magnetism we wil! place more emphaslis upon the use of f%;
3 chemically flixed culture samples for electron microscopy using v;fﬁ;
g negative stalning. TTT
% 3.Ihe pathway of bacterlal magnetite formatlion: The second major ;ﬁi
"~ activity carried out under the contract was an Investigation of ;;ﬁ
? the manner In which cells produce magnetite from soluble A
i‘ (chelated) Iron suppllied In thelr culture medium. The bacterl al .
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system has provided a splendid opportunity to examine biogenic
magnetite formation and the results have been most rewarding.
This work (5;8) has been carried out collaboratively with Dr.
Richard Frankel of M,1.T, We prepared cells enriched In 5Tre by
growing them under controlled aeration using a galvanic oxygen
electrode. The cells were harvested and fractionated according
to a prearranged protocol and the varlous cell fractions were
analyzed by means of Mossbauer resonance spectroscopy Iin Dr,
Frankel'g laboratory. WIild type magnetic cells were analyzed as
were wild type cells harvested early (before they had become
magnetic). (n addition, we obtained and analyzed mutants which
i were not magnetotactic and which did not produce magnetite under

any conditions. The mutants were obtalned by growling cells In

very strong, permanent Inhomogeneous magnetlic flelds., A

screening method was developed making use of the magnetotactic

response of cells contalning magnetlite. (see Flg.3), Methods for

culturing fastideous microaerophiles on plates of semisolid media

had to be developed. All work had to be conducted in a

microaerobic atmosphere maintained within a special glovebox

equipped with an oxygen electrode used to continuously monitor

the Poz.

The results of thls Joint research have provided us with the

first overall understanding of how bacteria produce magnetite at

temperatures and pressures compatible with life (5;8;9;). Cells

¥ appear to first take up ferric iron from chelates In thelr

environment and reductively release It In the cell Interior.

Ferrous Iron Is apparently rapidly reoxidized and deposited

Intracellularly as a low denslity hydrous ferric oxide. Thils
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oxldation step especlially If mediated by a dloxygenase enzyme.

" may be the point at which molecular oxygen is required for
magnetite formation. The low density hydrous fron oxlide Is
apparently converted via dehydratlon to a high density ferric
oxlde. This material has the characteristics of ferrihydrlite.
the form inwhich lronoccurs within the cores of the Iron
storage compound, ferrltin., The final step In bacterial
magnetite formation appears to Involve reduction of 1/3 of the
Iron atoms in ferrihydrite and further dehydration to form
magnetite., The partially purified bacterlal magnetosome fraction
which contained the magnetosome sheaths, also contalned
ferrlhydrite. In a more recent study of the process of magnetlte
crystal growth (11), evidence was obtalned that an amorphous
gel-ltke region surrounding each magnetite grain consisted of the
hydrated iron (l11) oxide phases Identifled by Mossbauer
spectroscopy. These observations suggest an Important roie of
the magnetosome sheath In the physics and chemlistry of magnetite
formation. The Involvement of ferrlihydrite/ferritin in bacterlal
magnetite formation Is especially Interesting. There are only
three prokaryotes known at present to contaln ferritin.
Azotobacter vinlandil has a recently dliscovered bacterioferritin
which Is also a cytochrome. Escherichia coll has an Iron storage
proteln with the characteristics of ferritin, and our studles
have brought to light a ferrritin-like material In magnetic
bacteria. The signiflicance of these Iron compounds or the extent

of thelr distribution among prokaryotes Is not at all clear at

the present time,

The details of magnetite formation by bacteria (the manner

10 T




In which cells obtain Iron and reductively move 1t into the cell
compartment, the role of the magnetosomes sheath, the enzyme
activities Involved, the possible particlpation of electron
transport to Iron, the possible role of proton motive force, the
chemical basls for the O, requirement. the cell structural
features which control the Intraceliular location of
magnetosomes, whether the chemlcal composition or the morphology
of the bacterial magnetosome can be controlled and diverse other
questlions) have yet to be worked out. Nevertheless. the overall
process as we now understand It appears remarkably similar to
that employed by chitons (primlitive marine molluscs). These are
the only other organisms for which the chemistry of magnetite
formation has been worked out.

Detalled methods, results and conclusions of the contract-
supported work are provided In the publlshed manuscripts and
reports which have emanated from the research. These are
listed as references in sectlon D of thls report entltied

PUBLICATIONS. and are compiied In APPENDIX 111,
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FIGURE 3. Screening method used to obtain non-magnetotactic .
bacterial mutants. Colonies contalning magnetic :
bacteria are el ipsoid because cells run in the -
direction of the magnetic field applied to the -
Petri dish. Non-magnetic cells produce spherical .

colonles (arrow). .
3 p
o
- R



D. PUBLICATIONS i

The published findings of work supported by thls contract

are compiled in APPENDIX tIl. These Include: ‘
PUBL I SHED REFEREED PAPERS: .,.,_

1. Maratea. D, and R.P. Blakemore. 1981. Aquasplrillum
magnetotacticum sp. nov., a magnetic spirillum. Int, J.
Syst. Bacterlol. 31:452-455,

2. Frankel, R.B., R.P, Blakemore. F.F. Torres de Araujo, D.M.S.
Esquivel, and J. Daron. 198)., Magnetotactic bacteria at -
the geomagnetic equator. Sclence 212:1269-1270. RS

3. Blakemore, R.P. and R.B. Frankel, 1981l. Magnetic
Navigation In Bacterla. Sclentliflc American 245:58-65.

4. Blakemore, R.P. 1982, Magnetotactic Bacterla, Ann. Rev. -
Mlcroblol. 36:217-238. Yo

5. Frankel,R.B., G.C.Papaefthymliou, R.P. Blakemore and W.
0'Brien, 1983. Fez0, Preclpitation in Magnetotactic
Bacterla. Blochlim, Blophys. Acta 263:147-159,

6. Bazyllinskl,D.A. and R.P. Blakemore. 1983. Denlfrlflcaﬂon """*
and Assimilatory Nitrate Reduction iIn o
magnetotacticum. App!. Environ. Microblol. 46: 1118 1124, . s

7. Bazylinskl,D.A. and R.P. Blakemore. 1983. Nitrogen Fixation ' \
(Acetylene Reduction) in Aguaspirillium magnetotacticum pbt
Current Microblol. 9:305-308. —

8. Frankel,R.B. and R.P. Blakemore. 1984. Preclpitation of -
Fez04 In magnetotactic bacteria. Phil. Trans. R, Soc. Lond. L
D_i 267-574. =

9. Frankel, R.B., G,C.Papaefthymiou and R.P.Blakemore. 1984, —
Mossbavuer spectroscopy of iron biominerallzation products In R
magnetotactic bacteria. ln: Magnetite biomineralization and &
magnetoreception by organisms: A new magnetism. J.L. Kirschvink,
D.S. Jones, and B. McFadden (eds.) Plenum Press. N.Y. R

10. Ofer, S., l.Nowik, E.R. Bauminger, G.C. Papaefthymiou, R.B. o
Frankel and R.P. Blakemore. 1984, Magnetosome dynamics in R
magnetotactic bacteria. Blophys. J. 46:57-64, o

e

11. Mann, S., R.B, Frankel and R.,P, Blakemore. 1984. Structure. o
morphology and crystal growth of bacterlal magnetite. Nature 2
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12, Blakemore, R.P., K.A. Short. D.A. Bazylinski, C. Rosenblatt and

R.B. Frankel. 1984, Microaeroblc conditions are required for

magnetite formation within Aquaspirjlilium magnetotacticum.
Geomicrobtology J. 4:62-66.

PUBL ISHED ABSTRACTS AND PROCEEDINGS:

13.

14,

15.

16.

17.
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19.
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Am. Soc. for Microblol, St. Louls, MO I 95.

BazylInskl, D.A., E. Palome and R.P. Blakemore. 1984,

Denitriflication by Chromobacterium violaceum. Abstr. 84th
Annu. Mtg. Am. Soc. for Microblol., St. Louls, MO. | 92,

O'Brlen, W., L. Paolett! and R. Blakemore. 1984. Cytochromes

in Aquasplirillum magnetotacticum. Abstr. 84th Annu. Mtg. Am.
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THESES CONTAINING WORK SUPPORTED BY THE CONTRACT

1. A STUDY OF IRON UPTAKE IN AQUASPIRILLUM MAGNETOTACTICUM.
1982. Mark Berman - Master of Sclence.

2. THE TERMINAL RESPIRATORY CHAIN COMPONENTS OF
AQUASPIRILLUM MAGNETOTACTICUM. 1982, Wendy O'Brien -
Master of Scilence.

3. NITROGEN METABOLISM AND IRON REDUCTION IN AQUASPIRILLUM
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